A-01 1.tif

) R .'. B e S e e i e At i Ggn = e i e b o o
i o (,k} o4 9% LBNL-38831

UC-414

ERNEST ORLANDO LAWRENCGE
BERKELEY NATIONAL LABORATORY

A Heavy Ion Spectrometer
System for the Measurement
of Projectile Fragmentation
of Relativistic Heavy lons
“’ 4
MASTER

J. Engelage, S. Albergo, 7. Caccia, C.-X. Chen, 8. Costa,
H . Crawford, M. Crongyist, 1. Flores, R. Fonte,

L. Greiner, T.G. Guzik, A. Insoliz, C.N. Knot, S. Ko,

C. Kug, PJ. Lindstrom, }. Mazotta, M. McMahon,

J.W. Mitchell, R. Potenza, J. Romanski, G.V. Russo,

A. Soutoul, O. Testard, C.E. Tull, C. Tuvé,

C.J. Waddington, W.R. Webber, and J.P. Wefcl
Nuclear Science Division

Juné 1996

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED zs

n-




A-02 2.tif

DISCLAIMER

This docement wak pregarsd a8 an account of work sponsorcd by the
United States Coverament Whilke this document 1 believed w contain
corfect anformation. neither the Uoned States Goversmenl ot uny
agency thereof, nor The Regears of the Univeraty of Caltforma, nor any
of theu cmployees. makes Wy waranty. cxpress o7 tmplicd. o assumes
27y legal responsbility for the accuracy. completeness, or uscfuiness of
any anformation,  spparetus.  prodect, o1 process  dicclosed.  ar
reprecents that s oz would not infringe privetely owned aghts.
Reterence heremn (1o any spetsfic commercial psoduct, process, ot
servtee by s trade name. wademask. manefacturer, of otherwine. doxs
not necessartly constituie 01 seaply s endorsememt. recommendstion,
oc favoring by the United Statex Govermment of ary sgency thereol, or
The Regents of the University of Califormus The views and opinions of
authors cxpressed Deecin do ot necessariby sats o sefiect those of the
United States Government o1 any ageacy thereof, or The Regents of 1he
Univerary or Caniorme

Avalabie 1o DOE and DOR Contactors
from the Office of Saenulic and Techawal taformanon
PO Box 62, Oak Ridge. TN 3783
Pruces avalable from (413) 576 84!

Avaulable ¢ the public fre the
Nabonal Techmcat intormavoen Service
U S, Depar of Commerce
5285 Fort Rusal Rowd Spranyficld, YA 22161

Frnest Oriando Lawrence ferkeley National Latorawery
1§ an &Quil Opportunity employer




y

&5
oo
W

LBNL-3
UC-414

1

A Heavy lon Spectrometer System for the Measurement of
Projectile Fragmentation of Relativistic Hecavy Tons

J. Engelage.8 S. Albergo,h Z. Caccia C.-X_ Chen.©. S. Costa.h
H.J. Crawford.? M. Crongvist,b 1. Flores,® R. Fonte M L. Greiner,d T.G. Guzik €
A. Insolia.h C.N. Knott.¢ S. Ko8 C. Kuo.9 P.J. LindstromP J. Mazotta.¥
M. MceMahon,© J.W. Mitchell,2 R, Potenza,b J. Romanski h G.V. Russo. b
A. Soutoul.® Q. Testard.® C.E. Tulied C. Tuvé.h C.J. Waddingion.©
W.R. Webber,f and J.P. Wefei¢

(The TRANSPORT Coliaboratior)

aNASA/Goddard Space Flight Center, Greenbelt, MD, USA

bErnest Orlando Lawrence Berkeley National Laboratory, Universily of
Califorma, Berkeley, CA 94720, USA

“Louisiana State University. Baton Rouge, LA, USA

dSpace Sciences Laboratory, University of California, Berkeley, CA 94720, USA

<University of Minnesota, Minneapolis, MN, USA

fUniversity of Mew Mexico, Las Cruces, NM, USA

8Scrvice & Astrophysique, C.E.N. Saclay. Cedex, France

hUniversita di Catania, INFN, Serione & Catania and CSFNSM, Catania, lialy

ICurrent address: Emest Orlando Lawrence Berkeley National Laboratory,
University of California, Berkeley, CA 94720, USA

June 1696

‘This work was supported by the Direcior, Office of knergy Research, Oftice of High Energy and
Nuclear Phystcs, Division ot High Energy Physics, of the U.S. Deparunent of Energy under
Cornract No DE-ACO03-765F00098.

A-03 3.tif



A-04 4.tif



A-05 5.tif

DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best avaiiable originaj
document.




A-06 6.tif




A-07

A Heavy lon Spectrometer System for the
Measurement of Projectile Fragmentation of
Relativistic Heavy Ions

J. Engelage?, S. Albergo*, Z. Caccia®, C.-X. Chen®, S. Costa®,
H.J. Crawford®, M. Cronqvist?, I. Florest, R. Fonte® | L.. Greiner?,
T.G. Guzik’, A. Insolia®, C.N. Knott¢, S. Ko?, C. Kuo?,

P.J. Lindstrom®, J. Mazotta?, M. McMahon®, J.W. Mitchells,

R. Potenza”, J. Romanski®, G.V. Russo®, A. Soutoul?, Q. Testard?,
C.E. Tulle!, C. Tuvé®, C.J. Waddington®, W.R. Webber/, J.I2. Weflel*

(The TRANSPORT Collaboration)
July 2, 1996

¢ NASA/Goddard Space Flight Center, Greenbelt, MD, USA;

! Lawrence Berkeley Laboratory. Berkeley, CA, USA;

¢ Louisiana State University, Baton Rouge, LA, USA;

¢ Space Scicnces Laboratory, University of California, Berkeleyv, CA, USA:

¢ Universily of Minnesota, Mianeapolis, MN, USA;

! University of New Mexico, Las Cruces, NM, USA:

9 Service d'Astrophysique, C.E.N. Saclay, Cedex, France;

A Universita di Catania, INFN, Sezione di Catania and CSFNSM. Catania. ltaly.
' Curreat address: Lawrence Berkeley Laboratory. Berkeley, CA. USA.

Abstract

The Heavy Ton Spectrometer System (HISS) at the TRE Bevalae provided a
unique faclity for measuring projectile fragmentation cross sections jroportant in
deconvolving the Galactic Cosmic Ray (GCR) source comaposition. The general
characteristics of the apparatos specific to this applicatior are described and the
main features of the event reconstruction and analysis used in the TRANSPORT
experiment are discussed.
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1 Imntroduction

One of the fundamental goals of Galactic Cosmic Ray (GCR) astrophysics is to relate
measurements of the elemental and isolopic spectra of cosmic rays to the original com-
position at the galactic cosmic ray sources {GCRS). Accomplishing this goal will provide
important information regarding the mechanism{s) responsible for accelerating cosmic ray
nuclei to high energy, the mixiure of material, possibly from exotic astrophysical sites.
making up the GCRS matter, the nucleosynthesis of heavy matter at such sites, and the
evolution of matier in the galaxy Key to this task is being able to correct the measured
spectra for the modifications resulting {rom the atomic and nuclear interactions of the
GCR with the interstellar medium (ISM). Given the ability to predict the population of
the diflerent sccondary fragments produced in these collisions, it is possible to determine
the extent of the propagation cffects by examining the ratios of pure secondary specics
{those wich litile or no GCRS components) to primary species. Currently the ability to
determine the GCRS composition in many instances is iimited by the accuracy of the nu
clear fragimentation data and models rather than by the GCR measurements themselves.
A critical next step to achieve a better understanding of the GCR source population,
acceleration, and propagation is the accurate measurement of cross sections for expected
primary GCR nuclei on targets of the most abundant ISM mnclet, H and He, over a broad

range of energies, the focus of the TRANSPORT collaboration experimental program.

Projectile fragmentation is known to produce secondary isotopes having velocities
nearly equal to the incident bearn velocity {1} Secondaries, or fragments, have trausverse
momentum distributions that depend on fragment and projectile mass and are tvpically
gaussian {2) with widths of a few hundred MeV/c {3]. In peripheral collisions, the products
typically consist of a large fragment having mass and charge near that of the projectile
accompanicd by a few low mass fragments {e.g. neutrons, and hydrogen and hehum iso-
topes). In central collisions, there may be many low mass [ragments produced. Between
these two exlremes hies a region of mulli-fragmentation in which medium and low mass
fragments are produced in the same collision. Periphieral and multi-fragmentalion regnnes
contribute significantly to the prodaction cross sections for fragments thal range in «ae
from the projectile (i.e., bearn) mass, Ap. down to one half that mass, Ap/2, the range of

interest in this experiment. ‘To he sensitive ta this range of {ragments and stll actieve i«
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topic identification, the large aperture Heavy fon Supcrconducting Spectrometer {HISS)
at the Lawrence Berkelev Laboratory (LBL) was chiosen as the {acility for the initial mea-

surement of the TRANSPCORT group.

The program conducteded at LBL included mcasurements of the interaction cross sec-
tions and the single particie inclusive elemental and isotope production cross sectious for
a varniety of astrophysically imporiant heavy 1on beams from He to N1 at energies from
335 A MeV to 894 A MeV incident on a liquid hydrogen {LH>) target. These data were

coliceted during two separate rurning periods. April 1090 and April 1991,

This paper describes: {1) the general theory of the measurements (section 2}, with the
relevant formulae used to extract cross seciions from the raw experimental data; (2) the
expertmental apparatus used in the TRANSPORT heavy ion Iragmentaiion program and
the detector calibration procednres (section 3); {3} an outlline of the analyas procedure
{section 4), which includes a description of the pariicle identification (PID) method based
on measurements of the incident beam vectors and of the rigidity, charge, and rveloaity ol
each outgoing fragment produced in the interactions, the analysis of ncutron data, and
the discussion of the possible sources of error; and (4) the conclusions (section 5) about

the current status and future prospects of the TRANSPORT program.

2 General Theory of the Measurement

Tne detrailed formulation for analyzing the experimental data depends upon the con
figuration of the targel where the interaction takes place. Many similar experiments
have adopted the so-called “thin target approximation’ for its simplicity. However. a "full’
treatment is usually required when all other factors are considered. In our particular ap-
plication, the analysis starts with a "thin target approxbnation’. A fuhl analysis, including
target thickness and system acceptance effecis, is applied to vield the final cross section
values. In the {ollowing sections we present a briel description of the analysis procedure.
In addition, we include a more detailed cross section analysis formulation in the Appendix

A. as such trcatment is not casily found in the literature.
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2.1 Thin Target Measurement of Cross Section

In the case where a projectile P = J5 = (Zp. Ap), incident on a thn scif supporting
targel T, produces fragments £} = (Zp, Ar), the cross section for producing F; {0 < 7 < n}
is given by the well known formula (see Appendix A):

N,

() R

1

. 1
or{l — 1) = - =
t Npor
where N} is the number of fragments F;, ¥ror 18 the number of incident projectiles and ¢
is Lhe thickness of the target. Thic is a very good approximation for a Lhin target where

b ?;:‘IOT and o7 ToTe 1% the total cross section For a hydrogen target, the thickness ¢ T

1s determined by

:\'4 s - 1» - }0_27 N o
1= w7 (2) o
An ’

where N4 is Avogadro's number, Ay is the atomic weight of hydrogen, p is the larget

density in g/cin® and L is the target geometric leagih in em.

Because of the simplicity of Eq.(1), it is easy to implement the corrections for the

finite size and cfficiency of the detector system, as well as for the background subtrac-

tion for those targets where the container/support material 1s not neghgible. In reality,
even for such thin targets. determining N, and N7o7 involves more than simple counting o
techniques. as they must incorporate such considerations as detector system acceptances,
a; = o Zr. Ar). detection efficiencies of the system. 1, = y{ Zr. A7), normalizations be-
tween runs laken with different triggers, and spurious fragment production in the target

supports and beam line materials,

The true produced populaticn of the i** fragment, N,. can be simply related 1o the
experimentally detected population. N g, by

!\'I.At!

Ne= N({t)j=Nror 070 1)t = (3

o0 Ky

where Rj.p 1s the normalization factor between runs with different tniggers (see section
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4.4}. The true total number of incident beamn particles. Ny, is also obtained experimen-
tally as the sum over all possible fragments, including non-interacted projectiles. That

1S,

(‘:n
Nror =y N;
=0
The complication introduced in the experiinental determination of 09{(0 — 2} by ihe
background signals from reactions in the target container and/or support and in niaterials

along the beam line can be accountied for by repeating the measuretuent using an cmpty

targel vessel, TO, in place of the 8lled targel, 7', and substituting Eq.{1} with:

. 1 , NT NTO
0= =g ng T Wi
2 T 4V T

where N are given by Eq.(3) and the Nooo ' Ly Eq.{4)

2.2 Finite Size Target

The cross section calculations for a realistic {arget of finite thickoess and trancverse
diameter are more compitcated. There are a number of considerations which have to bhe

resolved before final cross sections can be evalnated.

{1). The losses of incident beam projectiles and fragments within the target via in-
teractions with either the target or centainer materials cannot be ignored. The rarget
used for this experiment (sce section 3.2) contains =2 0.25 gfcm? of liquid hydrogen. and
the windows of lhe target vessel have a total thickness of = 0.16 g/cm?®. There are two
major factors that significantly affect the cross section caleulations. The first 1s the loss of
beam particies through the target. Thiseffective beam reduction, if not correctec, reduces
the measured fragment relative yields. The second is the loss of background fragizents,
crealed in the front larget windor, through the hydragen volume This reduction of
background is not present for the mass dummy used for target out runs (70). Therefore,
this makes the background, measured by T0 runs. higher than the tose background and
again, if not corrected, reduces the measured fragmient yields. In addition, there are finite

contributions from sccondary production. i.e. fragments produced from other fragnients
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with higher {7, A).

(2). The detectors and target acceptances, in general, depend upon {Zg, Ap). I the
targel is not very long, as is the case in the present experiment, we can use the mean
acceptance of the svstem, taken along the whole thickness . However, depending on the
effects of transverse momentum and scattering. the produced fragments £, may escape

the target volume prematurely, especially for long targets and low incident encrgies.

(3). The acceptances for various post-target detectors arc also dependent upon (Zr, Az).

and have to be evaluated individually.

The general equation for transport of projectile nuciet through a realistic target is

dN (=~

-

sm=i
- ) + N2 bir(2yorrora= Y, N{2)br{z)-or(j — 1) {6}
< s
where = = Ny - s, s 1s the depth of the interaction point inside the target and Ny the
number of target nuclei per unit arca, Ni(z) is the net number of fragments of the type
k present after the beam has traversed a depth » inside the target, orrov7. is the total
cross section for the production of secondary fragments and b; 7{z} is an acceprance term
which reduces identically to 1 or to the Kronecker 8,4 [or targets with suiliciently large or
sufficient]ly srall transverse diamecier, respectively. The fragments. F|, are ordered from
the projectile I to the smaliest possibic fraginent £, 5.e. 0 < 7 € ¢ € n. Cross section-

for pick-up of nucleons from the target are negligibly small within the energy range and

projecth2 Targel combinations for this experiment, and. consequently the corresponding

terms in Eq.(6) can be ignored. A detailed derivation of Fq.(6) can be found in Appendix
Al

The i** fragment population measured by a detector, \, 4. is now bound to the true
number of produced " fragments by the integral equation

' ‘ . dl\‘.
Nydee = ), /U e, 1l —d— -dz (N

which. for realistically thin targets at given incident encrgy. as in the present case, reduees
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A”( det = N, ¢ '}*lx.T N -(\’: (S}

and

Nii# 0) = [ ax; (9)
Q

s where o'y 7 is the mean acceptance of the deteclor system taken along the target itseif.

The only methods of solving the general {ransport equation, Bq.(8), are wimerical
In practice, the cross sections from this experiment are calculated in two stepe using a
combination of both Eq.{6} and Eq.(5). First the this target approximation {i.e . Eq.(5))
15 applied Lo obtain the thin target crosc sections. with all detector acceptances corgected.
Then Eq.{6) is numerically solved with the deduced thin targst cross sections used as
the initial values. The entire target is divided into many tlhin slabs so that Faq {1} is

applicable to each slab. Acceptance corrections are applied to cach thin slab. Secondary

-4 interaction cross scctions are cstimated from the Webber et al. parametric prediciion {4
g and total interaction cross sections are calculated from this experiment {53} An iterative

process is used to calculate the final fragment yields for both LH, and mass dummy 70

s targets runs. The cross sections ¢7(0 — £). which we want to measure, are varied until
the calculated vields match with the experimental data. As been pointed out, the major
corrections come from effective ioss of heamn projeciile and background loss. Due to the
fact that the hydrogen thickness ix only = 0.25 g/em?, the secondary production in maost

cases is not significant, except for channels with very large charge and mass change.

3 The Heavy Ion Spectrometer System (HISS) at

LBL

The basic apparalus of the magnetic spectrometer, IHSS, as it was confignred for this

experiment is shown in figure 1. It can be divided into three main subsystems.

1. The upstream detector system {UDS] including the target, through which the beam

passes before entering the magnet.

2. A simplc superconducting dipole magnet with o 3 m pole diameter,a | m gap. and

able to generate up to 7 Tm of bending power.

T
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3. The downstrcam detectors to detect and identify particles emerging from the mag
net. These are: (1) a drift chamber {DC) for tracking the charged products: (2) a

tme-of-flight {TOF) wall; (3} a multifunctional neutron spectrometer (MUFFINS).

A general discussion of the standard set of HISS detectors for charged particles has

been published (6] and information about the neutron detector followed later [7]. Here we

The magnctic spectrometer method of particle identification is based on the premise
5 i i
that a given isotopic fragment, F, = {Zp, Ax). can be identified by mcasuring its charge.
\ R 5

Zrg.nigdity, Ry, and the reduced velociiy, 3p. giving 4r by:

: Ap »R;;gf-c-“c’

- T T R IR

—
<>

where my 15 the nucleon mass. Zp is measured both in the UDS and TOF wail, while the
combination of the trajectory information from the UDS and the tracking in the DC afier

the magnel delermines Ry, provided the field map 1s known. The TOF wall, together

Shobdg

with the start scintillator in the UDS, is used to determine the time of flight. measuring

Br.

3

- 3.1 Upstream Dectection System

: The major functions of the Upstream Detection System (UDS) are to provide the
primary svent trigger, to monitor beam quality, to provide a rehiable bean: count. 10 de
termnine the position of an incident beam particic on the liquid hvdrogen (L #,) target.
fo provide a post-target charge identification. and to return an upstream three vector

; for each fragment. The mass resolution of a maguetic spectrometer depends on accurate

measurements of the trajectories of the incident particle and of the reaction products.

As shown in figure 2, the UDS consisiz of two positiou sensitive detectors (PSDT amd
PED2). three small scintillator paddles (S1, 52 and BV, a large diameter, low graminage
sificon dectector {SSD3), three large veto scintillators having holes at their centers (1 em
diameter for V1, 2.51 em for V2 and 4.3 em for V43, a veto detector with an adjustable

aperture {AV) and wire chambers (WC3, WC6, WCTH for beans tuning. The LH, target
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vessel {TGT) is placed between V2 and V4. A Fiber Scintillator Hodoscope {FISH), de

signed to measure fragment trajectories, is placed between SSD/BV and 1SS

These detectors were mounted on a specially designed optical beneh which not oaly
provided a relative reference frame, but also alded placement reproducibility when detec-
tors had Lo be removed for reconfiguration or repair during the course of the experiment.
Scintillators S1 and V! arc placed at the beam focus about 18 m upstream of the target
where S1 functions as the start detector for the TOVF system. Vi, V2 and the adjustable
veto AV are used 1o veto any beam particles outside the aceepiable phase space of the
svstem. These samtiflators combined with §2 constitute onc of the two main triggers for
the experiment (the other, I NT | is defined in section 3.3):

BEAM = 8§1-V1- AV - 82, -8%,; 2. PRE -V {1t}

PRE (preceded) was generated by a coincidence between S14 171 and the slightiy de-
layed output of an UpDating-One-Shot (UDOS) gate triggered by S1+ 11 A concidence
occurs only if the particie was preceded by another particle within the pre-set width of
the UDOS. This insures that no beany particle or fragment preceded a valid trigger within
a 15 - 300 ns time period. Two discriminator levels were applied to the sigral from 82
to reject events with an energy deposit significantly different from that of the projectile.
These $2 signals, §2, and S2y. acted as a singie-channel analyzer to block prefragimented
beam particics or multiple beam particles (with < 20 ns scparation) from triggering the

svatem. The corresponding discriminator levels were adjusted for each beam. A scaler

count of the BEAA trigger was used to calculate the quantity Nyor referenced in Eg ().

Beam quality was monitored by checking for adeguate time separation between beam
particles entering the system, assuring beam species purity, eliminating beam hale and re
stricting beam particles Lo the proper phase space. Checking the time separation hetween
incoming beam particles is accomplished by bracketing every particle entering the system
from ST + V1 with a 2 us gate from a second (ODS (ORTEC 404A). The coincidence
between this gate and a preceeding or following beam particle is put into a comncidence
register to flag the event being processed as possibly contaminated. The 2 ps window was

dictated by the 0.6 ps peaking Lime of the SSD shaping amphifier.

9
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The purity of the beam accepted was determined by a combination of S1 and S2 deter-
tors and a bending magnet placed upstream of S1. The pulse height of the 52 signal was
used in the triggor to veto beam particles with incorrect charge, while any beam particles
with an incorrect charge to mass ratio were swept into ithe V2 veto by a bending magnet.
During runtime, the S1 counting rate and the ratios S1/V1, §2/1"2 and Nyoyr/BEAM.

were used 10 monitor any significant drifts during the sun.

PSD1 and PSD2 were placed at about 1 m and 2 m upstream of the liquid target
to vector the incoming beam particles. Both PSD1 and PSD2 are constructed with an
internal sciniillating fiber grid for calibration purposes. PSD1 and PSD2 were used oif-
line to reject any events onginating from beam particles oulside acceptable phase space
limits. Data from the combination of V2, PSDI, and PSD2 determined the projectile

acceptance, o'y = a'{F’) = 1, as referenced in section 4.2.1

3.1.1  Upstream Vector Calibration

A crucial function of the UDS was Lo obtain an upstrcam vector for cach beam particle
For this task it was necessary to produce an internal calibration of both PSD1 and PSD2
for cach bcam, using an internal scintillating fiber grid. At thc beginning of each beam-
energy change. calibration data files were taken in which the "OR™ of cach grid's fibers

was required as a trigger condition:
FIBER = {§1+ V1) (Fiberspep + Fiberspsap;)

The PSD outputs corresponding to the crossing poinis of the fibers, as shown in
figure 3, are determined and placed into lookup files where they are cross referenced
with the known physical locations of the fiber crossings. These lookup files are used for
terpolating the position in the PSD detectors for each beany particle within an ertor of
opsp = 0.1 mm. To prolect against possible detector drifts, vach data file was checked
for any run dependent offsets by imaging the fibers for each file. Tn most cases there were

no offsets. The values for PSD1 and PSD2 are then used to calculate a three vector for

cach beam particle and to project the beans particle’s position to the L, target, and

further te MUFFINS.
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3.2 Targets

A schemalic of the liquid hydrogen {LH,) target cryostal and control system wsed
in this experiment is shown in figure 4. The target assembly (bottom) contains two
target vessels of length 2.7 cm and 20.0 cm, respectively, and diameter 7.0 cm in a com-
mon cryostat. The vessels are stainless steel evlinders, with 100 pm titapium windows,
wrapped with copper tubing to provide heat exchange with a 37 liter dewar of liquid
helium mounted beneath. The entire assembly is, in turn, surronnded by multiple lay-
ers of super-insulation, a copper heat shicld. and a vacuum jacket constructed from a
coriugated stainless steel cylinder with machined aluninum endraps and another set of
100 pm titanium windows. Both target vessels are equipped with 1 em stainless steel
cmergency relicf lines that exit through the {roat of the vacuum jacket. The temperature
and pressure were monitored and recorded for cach run.

The LH, target is operated at a pressure of 2 atm which causcs the entrance and exat
windows to bulge into the vacuum vessel. Thus, the geometric path fength (in cm). L. of
an incident projectile in the liquid depends on the point of npact on the face of the LI,

target and on the trajectory relative to the symmetry axis of the target.

Due to the {ime required to drain and religuily the hydrogen in the LH, targel. a

“mass dummy” target was used to emulate an empty target vessel and obtain the value

of N7¢ teferenced in Fq.(3) through Eq.(3). The “mass dummy” vessel was installed to

one side of the dewar containing the actual L1715 targel, so that "larget in"/ target out”

changes could be performed quickiy.

3.2.1  L{I; Target Thickuess

The most important parameter associated with the target is the actual thickness in
glem?, p- L, of liquid hydrogen traversed by the beam particles. The target is designed to
operate in the phase space region where the LI, temperature changes siowly enough that
the hydrogen never strays far away from the cquilibrium state. Because of the one to one
relationship between the temperature and pressure at cquilibrium, the density depends
only slightly on the pressure of the liguid hydrogen in the target, and we dedve the L,

density from the temperature, using the value of the presanre for minor corrections.
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Figure 5 shows the targel vessel temperature measured during a typical portion of

the April 81 run (top) as well as the relationship between temperature and L#f; density

{(bottom). The final density was determined to be in the range of p = 70.6 £ 0.9 kg/m’

and was found to be esseutially constant during each run. The liquid temiperature and
pressure were very closely monitored, independently, so that any density variation could
be identified and conirolled to less than 0.2% during the actual data taking period. The
uncertainty is dominated by systematics in the exact shape of the saturation curve velat-
ing density and temperature. The actual target thickness must be derived for cach beam
by konowing the density of the liquid and the pathlength distribution of the beam through

the target vessel.

After initial pressure tests, the target vessel titaniuin windows are permanentiy con-
toricd into a spherical shape with = 136 mm radivs of curvature. Thus the titanivm
windows bow oul in the center by about 4.5 mm at the furthest extent on each end of the
target, introducing a maximum of == 33% pathlength variation across the entire thin 2.7
cm target. A realislic beam has a finite extenl over the curved larget surface but varies in
intensity over the area. With the help of upstream vectoring, the exact beam profile was
determined for each run. Thus the uncertainly in the mean target thickness is actnally
dominated by the accuraey of the upsiream vectoring, which, in turn, is dominated by
the uncertainty in the survey of the physical location of the position sensing detectors,

PSDI and PSD2.

To evaluate the target thickness uncertainty, the distributions of thickness were denived
for beam profiles generated by moving one of the position sensing detectors -+ 2 mm, the
survey unceriainly, along both the horizontal and the verucal axes. The variation of the
mean target thickness was then used to derive the final target thickness, typically .21

g/cm? for the thin target, and the resulting uncertainty, At/t. normally less than 3%.

3.3 Interaction Detectors

The charge of the projectile fragment. Zp is measured downstream of the LH, target
by the combination of two detectors. BY and SSD. The BV detector consisted of a

cm high by 10 em wide piece of 0.3 cin thick Ricron 403 plastic scimtillator which was
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viewed by two RCA 8575 photomultiplier tubes. one on cach side. The SSD was a 3
cm diameter, 0.1 cm thick, lithium-drifted-silicon solid-state detector. This detector s
positioned just down stream of the LH, in a light-tight, nitrogen filled container with
5-mil aluminum-{oil windows at the entrance and exit. A DC bias of 400 V was applied to
the SSD. resulting in a leakage current of less than 10nA. The SSD outlput was amplified
using a Tennclec TC-178 pre-amplifier and a TC-244 shaping-amplifier set for triangular
shaping. A peaking time of 0.6 pgs was selected Lo optimize both charge resoiution and
beam rate toleraunce. The amplifier gain was set to register the average beam peak at
= 80% of full scale of the ADC. This value was chosen to cncompass 99% of all incoming
beam particles, to maximize the charge resolution from the detector, and to be able to
flag overflow events. For the 1991 runs the SSD detector was coupled with a scintiliation
detector, V4, which was used to eliminate events containing fragmeats that impacted the
edge or mounting ring of the SSD. The Vi detector consisted of a 15 em?, 3 mum thick
piece of Bicron 408 with a 4.6 cm diameter hole positioned to be concentric with the S5D
detector. A typical raw data plot of the resultant 58D sigoal versus that from the BV
scintillator is shown in figure § {(top) for a 8 beam at 770 A MeV, and discussed in the

nexi section.

The sccond principal function of the SSD detector and BV scintillator is to determine
if the incoming beam particle underwent an interaction in the target. The discriminator
threshoid on the sum of the BV PMT outputs was set at a level between Zp and Zp -
1 and the signal was used in the second major trigger {or the experiment which tazged

those events in which a nuclear coliision occurred:
INT —- BEAA - BV {13)

An SSD vs. BV plot for data taken with the JNT trigger is shown in figure 6 (bottom]
where Lhe rejection of uninteracted beam i< evident. Note that the BV threshold setting
produces an underestimation of the Zp —~ 1 fragment. but does not affect any wower charge
fragments. Runs were made with both the [V {1 and BLEAM triggers to maximize the
number of fragments collected for a given time period and to determine the rejection

efliciencics.
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3.3.1 Interaction Detector Calibration

The final post-target/pre-magnet charge assigned Lo an event was a combination of the
independent charge measurements from the BV and the SSI) detectors. The first step in
obtaining 2 charge calibration was to remove the background cauvsed by mulliple particie
pile-up eflects, SSD "underflows™ and secondary interactions which obscure the "charge
islands” shown in figure 6. The multiple particle pile-up effects occur when two or more
particles pass through the detector within a few microseconds of one another. Pile-up
causes the SSD detecior signal to either saturate (line at the t{op) due to the excessive
energy deposit or to be reduced {e.g. vertical stripe at ahbout BV ADIC of 760), both due
to the finite period of time that it takes the shaping-amplifier output to return {6 baseline.
While the experiment trigger included pile-up protection as mentioned earher. it did not
provide full protection. Thus it was necessary o use the event clock scalar to tag these
events in the off-line analysis. Also seen in the raw data plot are SSD "underflows™ (line
at the bottom of the plot) which are caused by particles missing the active region of the
SSD, but hitting the larger BV detector. The V4 detector was installed in the 1991 data
run and removed most of these underfiow events from that data set. Finally, to the icft
of the diagonal formed by the valid events are particles which have suffered secondary

interactions between the SSD and BV detectors.

Qnuce the background was removed the SSD signal was histogramined and a mulitipie
8 & & H
gaussian fit was used to determine the means of the charge peaks. These meaus were
linear in Z? aud were fit using the least square method to provide the SSD charge calibra
tion. The BV detector has somewhal poorer charge resolution and the charge peaks were
not as easily identified. For this reason we used the SSD to select a particnlar element
The resulting elemental histograms in BV were then ht with a gaussian distribution to
3 g

determine the mean signals, which were found to be linear with Z)-.

Thesc calibrations were performed for cach beam and energy combination as the PNMT
tube voltages and amplificr gains were adjusted Lo optirize the charge resolution for cach
run. The calibrations were also determined for both target in” (LH;) and “target out”
(70} on each beam, as the energy deposited in the detectors was different for the two cases.

After the calibrations are applied, the [agment charge is determined from a weighitedd

14
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average of the SSD and BV signals. The relative weights were adjusted to optimize the

charge resolution. The result is o7 < 0.2 throughout. Typical charge histograms for both
the BEAM (top) and INT (bottom) trigger data are shown in figure 7 (**S at 770 A

Me\'). where clear charge peaks can be seen down to Zp/2.

3.4 Drift Chamber (DC)

The DC was used to determine the trajectories of particles emerging from the mag-
actic ficld. The DC is composed of fifieen 200 cm tall by 300 ecm wide by 10 cm thick
modules. Each module consists of a sense plane which is sandwiched between two high
voltage planes each consisting of three planes of wires, staggered by 2 mm and held at
different negative potentials to achieve the optimum ficld shape for the | em by 2 om
cells. The wires are oriented at 0°, +30°, and —30° from the vertical to form 8. 1, and U
planes respectively. The plane arrangement was T-85-U-§-T-8-U-5-17-5-U-S-T-S-U. The
fifteen planes comprisc a single gas voiume which is filled with P18 (90% Ar:10% CH,)
gas and sealed on either side by a double §.5 mm myiar window. The overall Ingh voltaze
was adjusted to maximize the DC and clecironics dynamic range for each beam-eneeg

combination.

Particle positions retnrned by the DC. when combined with the upstream position
measurements and the magnetic field map. vield » rigidity measurement, Iy, {or each
particle. As shown in figure 8, the DC single plane resolution is &2 0.25 mun in the bending
planc of the magnet, which corresponds to a vigidity resolution AR/ = 2- 107> for 3Ar
at 346 A MeV. A more complete descripting of the design principles and electronics for

this detector can be found in a paper by Kobayashi ct al. [8]

3.4.1 Calibration and Resolusion of the DC

Several steps were involved in calibratiag the data from the DC before particie tra-
jectories downstream of the magne' coutd Le determined. A primary step was the deter-
mination of the space-to-time function whith would accurately translate the drift time
(given in TDC channels) into a spatial valu: {in mcions) for any given cell i the DC
This space-time function was esseniially the soae for all cells of the DO however, it did

change when the voliage supplying the shap ng feid was chianged for the ditferent beam
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aud energy combinations. Thus, it was necessary (o recalibrate the space-time function

for each beam-energy combination.

The space-time functions for the DC were obtained using an iterative approach, Start-
ing with an initial guess for the space-time {unction, the hit positions for particles passing
through a single drift cell were determined and plotted versus the TDC chiannel. Next

= the particle trajeciory was fit and the track residual was plotted against the hit position.

“hese residuals are the difference between the position of the track 1u a given plane as
calculated from the current version of the calibrations and the position predicted in the
same plane from the fitted track using all other plancs associated with this track. Aanin

correct TDU offset would cause an uneven left o right distribution with respect to time.

A non-zcro average residual would be caused by incorrect offsets between the different
wire planes. An incorrect shapc of the space wo time function would introduce a tilting
andfor a waving in the residual versus hit position distribution. These parameters was
adjusted until the residual vielded a flat, even distribution within the ceil. The efective
resolution of the space-time funciion was further increased by using the particle’s charge
as determined by the drift chamber ADC values o slew correct the drift chamber TDC

values.

In addition to the space-time function, it was necessary Lo determine the iondividual
= wire and plane offsets. Unlike the space-time curve, the wire/plane otfsets wese neither
beam nor energy dependent but remained constant so long as there was no pliysical dis-

placement of the DC.

The next step was to refine the above calibrations using information from the TOF
v:ail. Specifically, the trajectories determined by the DC can be projected outo the indi
vidual slats in the TOF wall. By comparing the projected spot with known dimensions {or
these slals, the physical relation between the detectors in the experiment were adjusted
to much greater precision than the 0.2 cin achievable by the survevors. Over all runs, a
horizemtal resolution of AXpe = 330pum and a vertical resolintion of A¥Ype = 4500 was

obtained.
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3.5 Time-of-Flight (TOF)

A TOF system was used in this experiment to measure the charge, Zp, and velocity.,
Bre. of the fragments, and to provide a rough position measurcment to complement the
trajectory information obtained by the drifv chamber. The time-of-flight {TOF) svstem
at HISS consists of a central section of thin slats and outer sections of much larger slats.
The centrzl area covers 1 m x I m and consists of two layers of Bicron BC468 scintillator
slats, 2 cm x 140 cm % 0.7 cm in size, offset o provide & 1 cm granularity. The additional
40 cm in leuglh acts as a light guide and provides for an asymmelrical bend at both ends
to allow conneciion of a Hamamatsu R1398 pholomaltiplier tnbe (PMT) Fach PM7T i
covered by a 0.020 inch thick mu-metal cylinder and the whole row of PMTs is addition-
ally shielded by 0.25 inch soft iron plates to protect them from the stray magnetic field
of the HISS dipole. On either side of this rentral area are two layvers of larger slats. 11
on each side (6 froni, 5 back) with each slat of BC408 10 cm x 252 cm x 0.7 am. AL
the top and boitom of the central area are two lavers of larger slats, 8 each, four in front
and four behind, with each BCW0S slat being 20 cra x 100 cm % 0.7 em in size. All slats
1n the central section have R1398 PMTs at each end. while slats in the outer section are

equipped with Amperex XP-2020 PMTs.

The PMTs use active bases having 3 Darlington current amplifier circuits on the final
stages to maintain output levels in high rate applications [9]. Bach base provides two
anode outpuis, one of which is routed via 400 foot long RG38 cable to a LeCroy 22821
ADC, and ihe other routed to a LeCroy 4413 discriminator, whose output is cent to a
LeCroy 2229 (Mod 400) TDC via 23 feet of twisted pair ribbon cable . Discominator
thresholds were set Lo fire at 25 mV. The lowest charge observable varied from slat o slat
and from beam to beam. The high volliage was cel (o maximize the available dynamic

range.

The UDS and timing detectors, S1, S2 and BV used similiar active bases and were
read out using Phillips 704 discriminators and LeCroy 22237 TDCs modified to provide

30 ps/count. Discriminator thresholds were set at 13 % of the beam pilsce height.
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3.5.1 Calibration of the TOF Detector

The TOF electronics were calibrated before and after each runmning period and the
scintillator- PMT response was calibrated for each beam-energy combination. The TDC
system calibration used a set of standard cable lengths and a pulser to check sensitivity
and lincarity, while cach ADC was calibrated using a standard pulse to check gain. Each
TDC channel had a sensitivity of 30-35 ps per count and therefore could cover a dynamic
range of =~ 60 ns. The typical non-linearity was a smooth. monotonic funcuion yielding

< 1% of full scale.

During the setup for the first heavy 1on run in 1990, 3t was discovered that almost hall
of the TOF slats had developed a higity non-uniform position-dependent response. This
was subsequently determined to result from multiple arcas of local crazing about 1-2 emiin
extent and separated by aboul 18-20 cm along the length of a scintillator slat. To correct
this effect, the beam was blown up to dimensions exceeding the extent of the fragment
distributions and then swept across the detector by (ramping the HISS magnetic field},
resulting in hits from particles whose charge and velocity were we(l known. Each particle
also passed through the DC so that trajectories were measured 7nd therefore hit positions
ou the TOF slats could be determined. From this information a response map of relative
amplitude and time as a function of hit position was coustructed for cach siat and used
to correct the slat ADC and TDC signals in the off-line data analysis. The pulse height
distribution for beam particles before and after correction from a good and a crazed slat
is shown in figure 9. Similarly. the TOF distribution for beam particles after correction

is shown in figure 10.

Particle velocity, Bre, is determined wsing the pathlengths from target to TOF slat

(Laae) and from 82 to targel (L) . and timing (Tae = T2} for the fragiments from the

trigger scintiflators to the TOT wall:

leat

Bre= s em
re Toae — T2 - L] Bpc

which. for the beamn particles, reduces to
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where Spe is the speed of beam particles.

The S2 detector, the closest upstream scintiliator to the target, was used, because the
timing from this detecior is least affecied by energy loss of the beam in traversing the
bulk of the UDS detectors. The energy at the target for some of the lower energy, higher
charged beams varied by as much as 3% from the original kinetic energy. Bul when the

dependence of the Ts; signal on beam particle velocity and position onto S2 is remaoved,

the inirinsic resolution of the S2 deteclor is deiermined t¢ be og; = 30 ps.

"To obtain the actual 8ight time, (T, — Ts2), the raw signals were corrected for ADC
slewing, TDC offsets including cable delays and light propagation delays in the slats, and
for the non-linear effects due to TOF wall degradation discussed above. TDC offsets
are the easiest 10 be corrected, making use of Eq.(18) applied to the signals produced
bv beam particles when sweeping the becam along the TOF wall. At the end. typical
timing resolutions in the neighborhood of o7 = 150 ps were obtained. The pathieagibs,
La:. for the different particles were calculated from the known lengih of the central
beam ray and the relative hit positions in the TOF wall for each fragment. The resulting
pathlength, L., was within 0.3% of the true value, making the error of the partice

velocity 03/8 = +£0.2%.

3.6 MUFFINS

Neutrons ecmitted at near projectile rapidity in this experiment were detected with
a MUltiFunctional Neutron Spectrometer (MUTFFINS), a high efficiency neutren TOF
detector. MUFFINS is a position scasitive detector made from 30 coaxial NEIG2A sa
tillator discs, 1 m diameter and 3 cm thickness, spaced 6.5 cm from each other. Thee
are G PMTs equally spaced around the edge of vach disc forming a regular hexagon Fach
PMT uses the same active base used for the TOF wall and similarly has two identical
ancde outputs. Onc was sent to a LeCroy 4413 discriminator. which stops the LeCroy
2229 TDC, and the other 16 a LeCroy 2282 ADC thvough a small preamplhifier (not used

in the 1998 runs). The MUPFINS detector was placed at 0° downstream of the HISS
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dipole at about 9 m from the LH, target. MUFFINS segmentation enables it o measure
neutron multiplicitics up to and possibly greater than A/, that is the total number
of discs. N, divided by the number of those which are contemporaneously excited by the

same neutron, N,.

Previously, neutron detectors have achieved the required degree of spatial resolntion
by using narrow scintillator bars whose height and width produced the necessary granular-
ity. The detection efficiency and spalial resolution for the MUFFINS design is equivalent
to a traditional connfer composed of 2355 Tom % 3em % Im bars. while requiring only
4% of the associated electronics. The scintillator discs behave as scintillator slats {or the
determination of time and position of hits. Using multiple elhptical coordinate systems
{MECS) {10]. it can be shown that the time at which a particle impacts a disc can be
decoupled from the position at which it strikes the disc. Both the spatial distribution
for individual neutrons and a determination of their velocity. and hence energy. can be

obtained by employing the MECS technique.

The two main purposes for detecting neutrons in this experiment were to make a mea-
surement of the ncutron stiripping cross-section {the isotopic cross section at the beam
charge) and to have some indication of the centrality of the coliision through the measure-
ment of the neutron multiphicity. For these purposes it was necessary Lo achieve a high
neutron delection efliciency, which is given, for each disc, by the product of aceeptance
a7 = 0) and intrinsic efficiency n(Z = 0), that is: ¢« = o{Z = 0} - 9(Z = 0). Using N

discs provides a total intrinsic nentron efliciency given by

MZ =0)=1— e N (16)

where ng is the intrinsic neutron deteciion efficiency of a singie dise. Given that 7 = 3%

for our beam energies, then 9{Z = 0) ~ 60%. ensuring a measurement of the total neutron

stripping cross section with reasonable error within the allotted beam time.
The beam and other particles of charge Zp > 2 could not reach the MUFFINS de-

tector when the magnetic ficld was on. However, charged pions and protons emitted

from the target at sufficiently farge angles with respect to the heam did reach MUFFINS
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even when the magnetic field was ou. For this rcason, the first disc was typically put in
anti-coincidence when analyzing the data. To assure no charged particles traversed the

detector, hits were accepted only from events in which the first disc did not give any signal.

During ihe 1990 runs, a small prowotype of MUFFINS (3 discs, each incorporating
only 5 PMT’s) was used. Hence 1l was not possible to measure either the stripping cross
section nor the neutron multiplicity with any accuracy. However, spectra and angular

distribuiions of neuirons were oblained for that dataset.

3.6.1 MUFFINS Calibrations

Beam particles were transported directly to MUFFINS by turning the HISS dipole off
at the beginning of each run with a new beam ion or energy. In these runs. MUFFINS
discs acted as TOTF walls for beam particles, so that 8p was calonlated using pathlength
and timing with an equation similar to Eq.{15). Knowing < Bp >, it was poseible to
determine the TDC offsets for each PMT channel, after correction for dew effects wsing

the ADC data.

Although the geometncal efficiency for light coliection was low, it was necessary to
use in-itne 10X attenuators for beams of 3°5 and heavier and this attenuation were taken

into account when computing the slewing corrections. By applying the MECS method

{10} discussed above to this TIHC corrected data. we were able to obtain the beam profile

shown in figure 11 for *°Caz at 565 A MeV. The MUFFINS detectors had timing resolution
of & =~ 69 ps, which remained constant for all jon and energy combimauons studied. even
though the beam profiles differed. This timing resolution is in good agreement with the re-

sults of sitnulations, allowing us to derive 2 timiug resolution for neutrons of about 120 pe.

1n 1991, a beam of 794.5 A MeV *He was used at the beginning of the experiment.
MUPFINS data with *He were taken by triggering on two simall (25 mm x 25 mm
1.5 mm) SLY and SLB scintillators, both placed aloug MUFFINS central axis, one up:
stream and one downstream of the spectrometer. respectively. This data. taken using the

calibration trigger,
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scrved as the definitive time calibration for the MUFFINS system. TDC offsets were
obtained after correction for siewing effects using the ADC data from each PMT. For
each beam used in the experiment, the calibration was re-checked by turning off the HISS

magnetic field at the beginning of each set of runs and allowing beam particles to directly

impact MUFFINS.

3.7 Data Acquisition System

The TRANSPORT experiment used the VME-based multi-processor data acquisition
svstem described by McPariand et al. {11]. This svstem consisted of a sct of micropro
cessors installed on a common VME back plane. Each processor was capable of acquiring
daia di'.'cctlj.' from one or more CAMAC crates via a2 CAMAC merflace module vsing
the VMX bus. The resuiting data {rom rach eveni werc formatied and constructed in a
single large memiory array. The accumulated data were then queuved to a data logging or
communication process which fransmitted them via Fihernet to a central VAX {acility for
disk storage and taping. The data disk was mounted cluster wide, heace once the data
was stored, it was accessible by other workstations on the cluster. These workstations
were used for various diagnostic programs as well as performing the data analysis tasks

to be discussed later.

The acquisition system was controlled by programs excented in the host VAX. VAME-
diag. one of the primary control programs. provided an on-line display of the state of each
of the major components of the data acquisition system. Further. each CANMAC interface
was capable of being ancessed by this program, thereby making it possible to test the

various CAMAC modules using programs executing on the host VAX

4 Analysis

4.1 Methodology

A flow chart of the analysis scheme for the experiment s shown i figuie 12, o

the fire! phase of the analysis, the data regions pertinent to eacli detector anbayetem are

)
v
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extracted and the detector calibrations discussed above are applied to extract a detector-
oriented data subset. At this siage, the analysis bifurcates into an upstream branch and
a downstream branch, which proceed in an independent fashion. This methodology was
emploved to enable reporting of total chary changing {5] and elemental [12] cross sections
in a timely {ashion without impeding progress toward the ultimate goal of 1sotopic cross
sections. All major components in the upstream analysis {"good™ beam charactenization,
BV/SSD charge calibrations. beam vecto, calibrations. tazget thickness calculations, tar-
get density and the upstream fragment acceptance} are completed prior to the ievel 2
processing where the upsiream and downstream analysis are merged to enabie isotupic

and differentiai cross section measurements.

While the analysis of the upstream deteciors is praceeding, those paris of the data
associated with the post-magnet detectors, DC and TOF, are being analyzed to produce
particle trajectories (X, Yr. 8p, or), charge (Zr). and flight time (TOF). The DC
tracking code which provides trajectories is also used Lo project to the plane of the TOF
wall and determine which slats were hit by which particles. It is the verlical component
of this projection that is used {o correct TOI slat response for the position dependence.
Further, this trajectory information imposes a one to onc association between particie
trajectories from DC, specific charge and TOF. This. in turn, allows the determination
of the fragment’s flighl path length and thc completion of the determination of Fp (sce
section 4.2.2). The main problems during this procedure concern: {1} the determination
of the acceptances o'(Zg, Ar.z) and intrinsic efficiencies n(Zg. Ap) of the system for
the difierent fragments; (2} the normalization of data taken with BEAM trigger to the
data coitected with INT trigger and (3} the measurement of rigidity. These problems
are common to all of the types of cross cections Lo be extracted fromn thng data and are

discussed in the following sections.

4.2 Analysis for Charged Fragments.
4.2.1 Acceptances o'(Zz. Ar) and Intrinsic Efficiencies n{Zr. Ar).

A simple Montie Carlo technique was developed to calculate the acceptance correction,
o'{ Zr, Ar), for the spectrometer. The a's are also beam species and interaction depth (in-

side the hiydrogen targel) dependent. This Monte Carlo used real beamn profiles measired

23

C-01 29.tif

N Ry A




in the experiment, combined with the Goldhaber {ormulation {13} , and assumed persis-
ence of velocity of the fragments. The resuliant opening angle for fragments is typically
a fow mrads. The depth-dependence of the acceptances was integrated by dividing the
target into thin slices along the z-axis (beam direciion) and then using the Monte Carlo
events to determine the proporiion of fregments of each species {rom a given projectile
that [all outside of the physical detectors. These calculations were checked for several
systems wilh independernt calculations using GEANTI14] and a second custom-written

Monte Cario code.

The acceptances, a’s, were found to vary between T0% to 106% over all projectile
and fragment systems for {ragments measured in the experiment. For charge-changing
cross sections, the Ar dependence of ofs was removed by an using average over the
samc Zp, weighted by the isotopic production cross sections calculated using parametric

predictions{d].

As shown in figure 13. the main aperture restriction in this experiment was found to
be the §5D - ¥4 combination; neither the TOF wall nor the DC sigaificantly impacted
the acceptance, so that Ny (Z, A) = Nssp(Z) - Y(A). with Y'(4) the vield of isotopes of

charge Z having mass A.

The beam acceptance was effectively 100% since the V3 aperture is significantiy smallec
than the V4 aperture. The only widening of the beam arose from the multiple Coulomb
scattering in Lthe matenal (target, window, and air) between V2 and V4. Thus, for beam
particles, Nror, the only supplemental efficiency corrections 9{7, A) were the result of
misidentifications in SSD/BV. Since this is a random process and independent of the
charge and mass of the fragments. a constant efficiency carrection for the S8, neep =

29.5 4: 0.5%. could be employed for all runs. i.c.

Nror = Npraw (18)

where Ngpaae is the nomber of BEAM trigger signals counted by the scaler.

For {ragments other than the beam, while acceptances depend on charge and impact
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position, efficiencics are constant and equal to nssp ~ I, with negligible errors, with the

exception of the neutrons, discussed in section 4.3.

4.2.2 Rigidity Measurements and Isotope ldentification

In computing the elemental cross section o{ %), the charge Zp is oblained using the
BV and 55D detectors. Identifying isotopic fragments include. in principle. the following
steps:

{1). Demanding consistency with the charge returaed by the TOF wall to assure that the
fragment suffered no further interactions in transitiny Lthe system.

(2). Requiring that an associated track in the DC exisis for each of the charges returned
by that SSD TOF-wall restriciion.

These associated tracks must trace ont a proper trajectory from the interaction pont in
the target, as determined by the upstream vectoring detectors. to the impacted siat in the
TOF wall. The fragment rigidity is then measured by determining the fragment trajectory
as it curves through the HISS dipole field. This requires multiple position measurctents
along the trajectory to obtain vectors both into and oul of the magnetic region, winch
are then used in an iterative procedure that begins with an imtial guess ol the particie’s

rigidity.

However, this long procedure, which is necessary for heavier beams such as (v o1
Ni. can be avoided for lighier beams. An alternate method is based upon the frst-order
relationship between rigidity and the bending angle. We can form a ngidity-like vanable

Boseuse (henceforth, "pseudo” rigidity) by

R,.,,“.,'n x N + Iy\""/,"t '6,\- {1y

where X is the fragment position in the bending piane of the HISS magnet (the horizontal

plane} with respect to one of the edges of the DC, taken at the point where the track
passes through one of the 15 planes of the DC itself, Oy is the angle that the downstream
vector makes with the upstream one, and Iz, is obtained by taking a sample of each
element, Zr, and fitting a line through one of the isolope clumps that appear in a plot

of X versus Gy for this elemental sample (Figure 14, top) The abisolute nuits of £y are
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obtained by measuring the "pseudo” rigidit of non-interacted beam particles, for which

the rigidity is known.

The measurcment of "pseudo”™ rigidity of the fragments and its usc in Eq./10) give
sufficient mass resolution for lighter beams, due to the high resolution of the fragment
trajeciory from the DC and the long flight path to the TOF wall. This 15 clearly shown,
in the case of *Ne at 381 A MeV, from Lhe center and bottom parts of figure 14. The cor-
responding rmass hislograms are shown in figure 15. The mass resolution is Ad/A =~ 1%,

with A4 = 0.2arnu, and Lthe mass peaks are clearly visible down to boron (Zp = Zx./2).

However, for heavier beams or for obtaining the fragment momentum distributions
{and hence the differential cross sections useful in studving the details of the nuciear in-
teraction process), it is necessary to use the more accurate fragment rigidity determined

by tracing the fragment trajectory through the INSS field.

Once the mass has been determined, the isotopic identity of the fragments 1s estab
lished and their populations are extracted by fitting multiple gaussians to cach element
histogram {Figure 15). Since the acceptances o’(Z) and the efficiency ngsp are both inde:
pendent of A, the isotopic vields. Y'(A), as referred Lo in seciion 3.2.1, are easily obtained

as;

Yo, (A) = Naal Zr. AV)'S Nul Zp. 4) (20)
A

4.3 Analysis for Neutrons

Diata taken sn the calibration raas of MUFFINS (see section 3.6.1) were also nsed in
calibrating the intrinsic neutron detection ethiciencies of cach disc as a function of position
The efficiency calibration incorporated a semi-empirical procedure involving GEANT pre-
dictions. The intninsic efficiency p{ 7 = 0) was defermined by comparing <imlated ont put
pulses. produced with GEANT for charged particles passing Lhrough MUFFINS. to the
corresponding outputs observed experimentally for the various PMTs using *He or other
beams. This allows scale fa:tors to be obtained, that, applied to the simulated pulses

produced for neutron interactions, gives the realistic distribution of pulse heights thar
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one can expect in the experiment. The good events are then determined as those for
which pulses overcome thresholds in the PMTs of a given disc (for the sake of simplicity
we imposed, in the analysis as well as in the simulation, that all PMTs connected to a
disc fired when a hit occurred in that disc). Efficiency for the given single disc, though
not vet corrected for anticoincidence of the first disc with respect to the others. is then

defined in the standard way. that is: 57, = (good events)/{all incidenl neutrons).

With this method. it is possible to vary the energy of incident ncutrons and the posi-
tion of incidence at the dise and thereby obtain the function nu( £, r, y) which is essential
for the computation of total and partial cross sections of neutron production, one of which
is the stripping cross section for production of beam isotopes. The uncorrecied intrinsic
effictency of each disc, as obiained by this method. was typically 3.2% for neutrons with

300 MeV < £, < 1000 MeV.

The corrected n; can also be obtained from n7, through complete <imulations of the
fragmentation process, but it seemed betler Lo obtain it directiy from compacisou of ex-
perimental data analyzed with and without off-line anticoincidence with the fust dise, as
described in section 3.6. From this it was possible to estimate a reduction of efficiency of

about 10% of n/,, so that ng = 3% as stated above.

The acceptance of MUFFINS discs, ag4. is simply conuected to the solid angle A8y
subtended by each disc, which in turn depends upon the disc to target distance. So, only
for the smallest ay, that of the last disc, corresponding to Af, is it possible to use the
total intrinsic efficiency given in Eq.(16). For all the other discs there will be a small
peripheral circular region for which the scceptance is slightly bigher, but the intrinsic
cfhiciency corresponds to 1 < N discs. Due to the fact that the total length of MUFFINS
is 1.8 m. the variation of solid angle with respect to the central disc was AQ/Qpe ~ 18%.

It was decided to use only the particles detected inside the AQ;, for which a(Z = 0) = oy

4.4 Run Normalizations

Knowledge of Nyor for each run is essential in order to normalize the results of differ-

ent pips among them. Data in fact were taken under different conditions, depending on
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the run; e.g. LH, or "dummy” target and BEAM or INT trigger. Thus it was necessary
to normalize run populations before using them in the cross section formulae. Normal-
izations among BEAM trigger runs. independent of the target, is straightforward, since
scaler counts are uscd. The same is true in normalizing I N7 trigger runs for the same

target.

Normalizing BEAAM trigger runs to JNT trigger ruus for the same target is a hit more

difficult. Here the BUSY veto increases the dead lime in the case of the BEAM trigger
runs. The registration of events or tape was controlled by Lthe computer through the
BUSY veto, which is generated by a flip-flop sel by the event trigger and cleared by the
computer thal no event can be accepled before the acquisition of the previous one has been
completed. The dead time due to event acquisition is typically several microseconds per
event. Due to the different rates and to the different word lengths for events generated
under BEAM or INT triggers, the decad times between the two triggers can be very
different. Therefore, to correct for this effect, we must count all of the fragments detected
by the SSD, N(Zr, Ar) = Nsspl{Zp) for Zpj2 < Zr < Zp — 2 (runs which used the INT
trigger were inefficient in calibrating Zp and Zp — 1) and compare the resulting total

numbers, obtaining the normalization coefficient R;.5 by:

Zp=2 Z;r-2
Rrs= Y Nwr(Z) ), Nazaml(Z) (21)
Zp/2 Zpiz

This changes the value of Nyor, given by Eq (18). to

Nror = Nrorant = Nrorpearm - Brp (2

This results into an ovurall systematic uncertainty in the cross sections

AR[;}/R};{ = min[(l - I{];y).AE/x (23)

where fi; g can well be very close to 1, il the dead time is aboul the same for BEAM

and INT trigger data, and
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Zp=2

Nier(Z)+ 1/ Y. Nepasl2) (24}
Z;v/?

A slightly different method is used in extracling the nentron stripping cross seclions.
The data taken with the interaction trigger cannot be used for this measurement since this
trigger excludes both the beam and all isotopes of the beam. Using data taken with the
beam trigger, the neutron multiplicities can be extracted on an event-by-cvent basis using
information from the MUFFINS dctector. The events in coincideace with the charge of
the beam, measured by the SSD. give the viclds of the isotopes of the beam, while those
in coincidence with difierent charges supply an internal calibration of ¢ for MUFFINS. to

compare with the computed value discussed in section 3.6.

4.5 FError Analysis

The error calculations are somewhat complex, and depend, of course, on the type of
cross section to be measured. However, the main sources of error include statistics and
fitting, effective target thickness, acceptance and efficiency calenlations. normalization of
INT trigger data, and thick targel corrections. In practice, we first evaluate the associ-
ated uncertainties thal coniribute to the 'thin target approximation’. Eq.(1). taking into

account that AN7 /A7 =~ ]/\'/1\7 (3 = LH,, TO). by

A NLH: A NTO
i—'xj*}i'{" TR L (Tﬁ}— < Ere)
Nyod Nior

-
P

-_\az\j(%_’-a)u(

. v L. N
where S‘. =3 V/(i -} E?;‘;)

Determining V! demands computation of acceptances and cfficiencies, as weil as fit-
ting various peaks in the experimental data and normalizing JNT tngger data, so that
the AN? conlain nol only the statistical error, but also the errors made in all the compu-
tations, while the Moy contain essentially the error of INT trigger normalization {see
Fq.(21}). while the other sources of error tend to compensate one another, due to the

large number of terms in the sum over N appearing in Bq.(4).
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(From Eq.{(3) we have

AR[:B

7+

2 Y 4 o (26)

73 Rin

I¥ider

AN IN? = /,] Y
V N @

where o, is the relative error introduced by gaussian fitting of particle spectra Lo extract

N, det- Furthermore, Eq.(22) yields

; {1 ARyp
ANL NGy =y = 4 ()
For!/Ntor 'ivf Noor ( P

where Ry.g is taken {rom Eq.{21).

Types of uncertainties include:

the overall survey resolution, which of £2 mm giving typically a 2-3 mrad resolution

Loy

for vecioring (5 mm error of particle on target);
the cffective target thickness error with vectoring resolution folded in. which is =~ 3%:
the gaussian fitting procedure, whose uncertainty depends upon the idividual case;

the normalization error; described in section 4.4, which is < 1%.

For the thick target correction, the main source of uncertainty s the estimation of
various sccondary cross scciions from the parametric formulaefd]. The uncertainties are
evaluated using a Monte Carlo technique. This is done by randomly varying the sccondary
cross sections and repeating the calculations for the thick target (see section 2.2} The
technique assumes a 10 % error in the secondary total cross sections and a 30 % uncer-
tainty for the secondary cross sections. These numbers are chosen to overestimate, rather
than underestimate, the final uncertainties. The calculations are repeated one hundred
times with different sets of secondary cross seclions, and the RMS deviation of the final
correction for thick target was taken as the uncertainty. These thick target uncertamtios
arc then added in quadrature with the original thin target uncertainties to form the final

urntceriainties.
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5 Conclusions

We have described the experimental apparatus and outlined the method used to de-
termune the fragroentation cross sections for nuclei from He to Niin a hydrogen targel at
energies from a few hundred to a few thousand MeV /nucleon. With this appacatus we
have been able to achieve a fragment charge resolution of 0.3 %, velocity tesolution of 0.2
%, rigidity resolution of 0.2 % and a resulting mass resolution of 1 %, which corresponds

to an absolute mass resolution of 0.2 amu for **Ne.

The experiment has data for over 20 beams interacting with a Lif; target. The re-
sults for some of these projectiles have been reported {120 15]: meanwhile analvsis of the
remaining datasets 1s underway. Ve expect to use this data to investigate nuclear sys-
tematics, study methods for improving single particle inclusive production cross section
predictions, and directly apply our results to addressing particular problems in cosmic
ray astrophysics. The ability to make reliable predictions of nuclear ¢ross sections will
only be realized by increasing the current database of known cross sections, and, with the
recent demise of the LBL Bevalac, experiments such as the one described here will need

to make use of heavy lon accelerators world wide, if this uportant work i1s to continue.
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A  APPENDIX: Thick Target Measurement of Cross
Sections

A ful] thick target cross seciion formulation is the basis for all experimental cross
sections calculations. Various special cases can be derived from the general formulac to
be adapted to individual experimental setups. For example. the widely used thin target
approximation is a case where the simplest cross section formulations {Eq. (1)) can be
used. However, the general treatment is difficult to find in the literature. Therefore, we
present an outline of suzh a treatment. The formulation includes not only the general
projectile transport throagh the target, but also the geometric confinement of a realistic

target volume.

A.1 Thick Target with Large Transverse Dimensions

Assuming that all fragments }: = (Zr. AF). 1 €1 € n where n is the smallest fragment
type. produced from a projectile Fy = (Zp. Ap) incident on a target T, pass through the
whole target {1.e. do not ieave the sides), the number dN| = dN{Zfp, Ar) of hagments of

the type F.. produced at a given point inside the target. is given by

dN, I N
-~ = Z Nfzp-ap{y — 1)~ N5}~ L ar{i — {}

;=0 t=r 4

AN = .
_th- + Nz} orror. = Z Nz} or{y — )

=0
"

The thickness { is determined by

ANy-p-L-107%
Ar

is Avogadro’s number. Ar is the atomic weight of the target, pits density in

{ - mb-1 (39}

where N,

Vel

gfcis’. and L s the target geometric depth in cm.

The simplest of equations (29) is ¢ — 0 which gives the evolution of the beam projectiles

inside the Larget: %':'9 + Nolz) - o rore = 0. The solution is

"\,l)(::) = ,k\f[~()T - ¢ -¥drrule
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where Nror = No(0) is the total number of incident projectiles.

For all the other values of 7 in Eqs.(2) we observe that the equations are analogous to
those of the decay of a radioaclive chain. They can be exactly solved, cne alter the other
in order of increasing 7. The solution, however, becomes more and more compilicated as ¢
increases, so that it is only practical Lo solve Bqs.{29) numerically. To give come idea of
the solutions we notice that:

{1} The leading term in the right hand side of Eqs. (29) always contains Nolz}, given
by Eq.(31}. Thercfore, for thin targets (t = Ny - L < 8.02/04 o0, where L is the total
length of the target and Ny is the number of target atoms per am?), all the other terms
can be ignored because Ni(z) o = for 1 2 0.

{2) The secondary source term. 3. N,{z)  or{y - i}. increases continuously from 7 - |
{for which it is 0) o { = n, while the corresponding sink term N{z2) - o3 rov. behaves in
the opposite way, approaching 0 for 1 — n.

{3) For an extremely thick target 7 » 2;31:,-);\ N,=0{for? ;* n. while N, = Nyor (this

is the main physical characteristic of a target with large transverse dinensions).

Therefore, taking into account that

FTEOTTOT . ':"-"’T.TOT,O

7 g, ¢
== 1)- -

O7.I0TN — T I0Ta

1 —-— e“:"T.TOY‘.O

T P
OT.TOTO

we can write, for 1 % O

N #)  emobdaierror. L omTorTOve
i) ~adz) orid —1).

(3]

Nror orrore — b)Y -orror,

where a,(z) = 1 for » < 0.02/or107m0, ar(2) = | and a,{z) — ZLLZLL 4 far as @ — o0

N e{t-en) *

and 1 — n: b{z) = 1 and &(2) — 0 for z and @ safficicntly large so that sink and sec-

ondary source terms compensate each other. t. @ and a,(¢) are, of course, related among
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themselves. As a special case. £q.{34) reduces io £q.{1} for a thin larget.

A.2 Thick Target with Simall Transverse Dimensions (Wirelike
Target)

It is worthwhile noting. from Eq.(34). that the net number of type F, fragments is
given by a difference of two exponentials, as it must be if fragments are produced from
larger ones which are reduced to smaller ones by collisions with target nucler. However,
this result is vahid only if the fragments produced by the projectile de nof exit from the
sides of the targel. In any realistic experimental setup, this property is well approxirmated
only for the beam itsell, because it is well collmated. It may uol be true for Lthe produced

fragments, which are emitted at finite angles from the beam itsell. In partiavdar, if the

i,

0,

ar,

o

sch were very jong, this condition (and then [q.{33)) would be satistied only for very

¢

wide targets.

In general, scattering inside the target causes the projectile and the fragments to
deviate from the original beam trajectorics. Depending upon the size, both transverse
diameter and longitudinal depth. particies can escape from the sides of the target. An
extreme case is represented by a wirelike target, where all particies emiited at angles
different from =2 ° escape. In this case. which is most hikely at low enecrgies where the

arngles of emission of fragments can be large. Eq.{29) becomes:

dN; g o
==+ N(:)orgorabio= 2, N{s)or(f =) (35}
~ =0

where 8, is the Kronecker symbol.

Eq.{35) gives the same result {oy beam particles as Eg.(31), while for all the other

fragments Eq.(31) is replaced by

N,(2) . . b —eTiaryors
‘,' 2ol = 1) —— (36
NTOT OT.TOT.®

which, for a thin target. reduces again to Fq.{1).
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Eq.{36) shows the main physical characteristic of the wirelike targei: eventualiy, for a
very thick target, all the produced {ragments survive {because they escape from the target
before they can interact again), contrary to the case previously discussed. The quantity
of a given fragment is proportional Lo the cross section for its formation and their sum is

equal to “VTOT<

A.3 Formuiation for a Finite Size Target

The cross sections caleculations for a realistic target with finite thickness and transverse

diameter are more complicated:

¢ the losses of incident beam projectiles and fragments within the target via interac

vons with either the targe! clements or container materials cannot be ignored:
& svstem acceptances can depond on 7, A,

s depending on the angle of emission, the prodvced fragments F, can escape the target

volume from the side.

A more realistic equation for V; is then given by a combination of Eq.{20) and Eq.{35),

like: .
Ny . R & T -
-+ Ne)-baiz)-orrora= 3 N{(2)-brlzy-op(y — 1) (37)

- =0

where b, 7(z) is an acceptance term which reduces identically to 1 or 1o &, for targets
with either sufliciently large or small transverse diameter, respectively. Vo, is related to

the true number of produced i** fragments by the integral equation

. ! d“\":
“Nl'd(' =T / O,.’[(Z) - : d: {3«‘,})

0] dz

which, for moderate length targets can be reduced into
A'\"l.dcl =1 Oll T “\.I (39;

where
NG 0= [ 4N, (10}
S

and o', 7 the mean acceptances of the detector svstem taken along the target itseil,

36
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Figure captions

Figure 1 The basic apparatus of the RISS system as it was contigured
{or this experiment.

Figure 2: Schematic of Upstream Detection System (UDS).

Figure 3: Position maps for the PSD fibers before (top) and after {bottom)
calibration.

Figure 4: Schematic of the LH; target cryostat and control system {top)
and LA, target vessels (bottom).

Figurc 5: Target temperature variations during a typical run period, with
corresponding beams and encrgies indicated (top), and the entire
operating region of density vs. temperature for hydroger {bottom).

“igure 6: Plots of the raw SSD ADC vs. BV ADC for %S at 770 A MeV
for BEAM irigger (top) and INT trigger {bottom).

Figure 7. Upstream charge histograms derived from the plots given in
figure 6 {for BEAM trigger (top) and INT trigger {bottom}.

Figurc 8: The drift chamber single plane resolution for % Ar
at 546 A MeV,

Figure 91 The pulse height distribution for beam particles and fragments
before and after correction from a good {(bottom) and a crazed
{top) slat of the TOF wall.

Figurc 13:The TOF distribution for beam particles after correction.

Figure 11:Beam spot and profile as returned by MUFFINS for 365 A Me\ #0Ca,
along with typical position and time resolutions achieved.

Fignre 12.Flow chart of the HISS data analysis.

Figure T3:Acceplance of downstream detectors and S8D as a function of

rnigidity and transverse rigidity.

Figure 14:From track orientation inside the DC (top) 1o "peudo”™ rigidity

(center) and "pseudo” mass (bottom) of the oxygen lragmente
produced by ?ZNc at 581 A MeV'.

Figure 15:Mass histograms for the events shown in figure 14.
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